Pine Island Ice Shelf, in the Amundsen Sea, is losing mass because of warm ocean waters melting the ice from below. Tracing meltwater pathways from ice shelves is important for identifying the regions most affected by the increased input of this water type. Here, optimum multiparameter analysis is used to deduce glacial meltwater fractions from water mass characteristics (temperature, salinity, and dissolved oxygen concentrations), collected during a ship-based campaign in the eastern Amundsen Sea in February-March 2014. Using a one-dimensional ocean model, processes such as variability in the characteristics of the source water masses on shelf and biological productivity/respiration are shown to affect the calculated apparent meltwater fractions. These processes can result in a false meltwater signature, creating misleading apparent glacial meltwater pathways. An alternative glacial meltwater calculation is suggested, using a pseudo-Circumpolar Deep Water endpoint and using an artificial increase in uncertainty of the dissolved oxygen measurements. The pseudo-Circumpolar Deep Water characteristics are affected by the under ice shelf bathymetry. The glacial meltwater fractions reveal a pathway for 2014 meltwater leading to the west of Pine Island Ice Shelf, along the coastline.
Introduction
The West Antarctic Ice Sheet holds up to 3.3 m of potential sea level rise (Bamber et al. 2009 ) and has been observed to contain some of the fastest thinning ice shelves around Antarctica, with up to 7 m a 21 thinning (Pritchard et al. 2012) . One of the largest sources of glacial meltwater (MW), a component of which is associated with this thinning, is the Amundsen Sea Embayment in Antarctica (Rignot et al. 2013) , particularly Pine Island Ice Shelf (PIIS). This region is undergoing oceanic melting, where the warm Circumpolar Deep Water (CDW) is able to access the grounding line of the ice shelves and melt the ice from below (Jacobs et al. 1996; Payne et al. 2004; Jacobs et al. 2012) . Most model studies and observations have focused on identifying the drivers for the transport of the CDW to the ice shelves, which is an important process for modeling future glacial melting and sea level rise (Jacobs et al. 2012; Jenkins et al. 2016 ). Here we focus on the identification of MW traveling away from the ice shelf. Observations and model results from around Antarctica show that understanding the fate of the MW is essential in order to improve global climate models and forecast future climate scenarios better (IPCC 2014) . Potential impacts of increased MW input include slow down of Antarctic Bottom Water (AABW) formation, with consequential effects on the global meridional overturning circulation and changes to sea ice formation rates (Richardson et al. 2005) . Some of these effects have already begun to be observed, most distinctly in the freshening of the Ross Sea shelf waters (Jacobs and Giulivi 2010) . This freshening has been attributed to West Antarctic Ice Sheet melt, particularly from the Amundsen Sea region, traveling west to the Ross Sea in the Antarctic Coastal Current (Jacobs and Giulivi 2010; Nakayama et al. 2014) . However, because of uncertainties associated with MW identification, the pathway of glacial meltwater from any of the Amundsen Sea ice shelves has not been observed beyond the Amundsen Sea Embayment (Nakayama et al. 2013; Randall-Goodwin et al. 2015; Kim et al. 2016) .
The Amundsen Sea has three main water masses: modified CDW (mCDW), Winter Water (WW), and Antarctic Surface Water (AASW). The mCDW and WW are identified as the salinity maximum and temperature minimum (below the surface), respectively. Once the CDW has traveled onto the continental shelf, it is referred to as modified CDW and is typically 28-48C above the in situ freezing temperature . The WW lies above the mCDW in the water column and is formed seasonally through heat loss to the atmosphere affecting the temperature and sea ice formation affecting the salinity. AASW is observed in the austral summer and is heated through solar radiation and freshened through sea ice melt. PIIS is melted primarily by the warm mCDW, and so the MW will mix with this water mass (Jenkins 1999) . Because of the low content of MW that is produced (maximum values of MW content of around 26 g kg 21 ), even the water parcels with the highest MW concentrations will appear warmer, more saline, and less oxygenated than WW because of the contribution from mCDW (Jenkins 1999) . Within the water column across the continental shelf, MW will not be seen as a pure water type. Previous studies have identified and quantified the MW directly in front of PIIS using temperature, salinity, and dissolved oxygen concentrations (Jenkins 1999) and across the Amundsen Sea Embayment (Nakayama et al. 2013) , as well as calculating annual melt rates and locating regions of increased outflow from the glacier (Thurnherr et al. 2014) . The strongest outflow is observed on the southwestern side of the ice shelf, driven by geostrophy (Thurnherr et al. 2014) . Across the front of the shelf the MW tends to lie above approximately 400 m depth, which correlates with the draft of the ice front (Jenkins et al. 2012 ). The melt rates deduced have been seen to vary between different years , with the highest melt rates in 2009 and 2010 and a recent decrease in 2012. This variability in calculated melt rate has been attributed to changes in the strength of the circulation under the ice shelf (Jacobs et al. 2011 ) and changes in the amount of heat transported onto the continental shelf, possibly linked to local or regional winds Jenkins et al. 2016) .
The mCDW flows onto the eastern Amundsen Sea continental shelf through bathymetric channels situated at 1038W (eastern channel) and 1148W (central channel; Fig. 1 ). Off shelf the CDW consists of Upper CDW (UCDW; temperature greater than 1.58C, practical salinity greater than 34.50, and the oxygen minimum) and Lower CDW (LCDW; practical salinity greater than 34.70, temperature cooler than UCDW) components (Orsi et al. 1995) . The mCDW that is present on the continental shelf is some mixture of these two components, with the warmest waters observed in the eastern channel (up to 1.258C, 34.88 g kg 21 ), and cooler waters (1.28C, 34.87 g kg 21 ) in the central channel, using the Thermodynamic Equation of Seawater 2010 (TEOS-10) for conservative temperature and absolute salinity (Nakayama et al. 2013; IOC et al. 2010) . Variability in these regions of on-shelf flow has been observed through moorings ) and simulated in modeling of the region (Thoma et al. 2008 ): the variability is most often reflected as changes in the thickness of the mCDW layer on the continental shelf (Wåhlin et al. 2013) .
The mCDW melts PIIS from below, and the strongest potential for melting is at the grounding line (where the higher pressure results in a reduced melting point of ice). However, a ridge crosses the PIIS cavity (Jenkins et al. 2010) , reducing the water depth to 200-300 m (between the base of the ice shelf at around 400 m and the top of the ridge at approximately 600-700 m). This means that the thickness of mCDW will have a direct impact on the temperature of the water that has access to the inner cavity of PIIS and consequently will affect circulation and melt rates (Jacobs et al. 2011) . Kim et al. (2016) have used noble gas measurements to identify MW from Dotson Ice Shelf at the edge of the continental shelf, approximately 300 km away from the ice shelf. However, noble gas analyses are expensive and laborious. For these reasons it would be beneficial to calculate reliable MW fractions using standard hydrographic observations of profiles of temperature, salinity, and dissolved oxygen, even at greater distances (.250 km) from PIIS. Previously, MW from PIIS has been identified at the continental shelf edge in the Amundsen Sea, using standard hydrographic observations (Nakayama et al. 2013 ). However, it remains unknown to what extent these calculated meltwater fractions are affected by atmospheric interaction and mixing at the shelf edge.
Using observations from a research cruise in 2014 , the water mass characteristics are discussed and MW content is calculated across the eastern Amundsen Sea (sections 2 and 3). The reliability of these observations is assessed with the use of a simple one-dimensional ocean model, with identification of subsurface processes that may result in false meltwater signatures (section 5). A modification to the MW identification method is suggested, revealing a MW pathway along the coast to the west (section 6).
Water masses in the Amundsen Sea

a. Hydrographic data
The Ice Sheet Stability Programme (iSTAR) cruise took place on the RRS James Clark Ross between January and March 2014, occupying 104 conductivitytemperature-depth (CTD) stations in total, shown in Fig. 1 ). Measurements were collected using a Sea-Bird Scientific SBE 911 tool with dual CTD sensors and an SBE 43 dissolved oxygen sensor. Temperature was calibrated using an SBE 35 deep thermometer (at depths where bottles were fired), and salinity was calibrated using a Guildline Autosal salinometer. Temperature and practical salinity were converted to conservative temperature Q and absolute salinity S A following TEOS-10 (IOC et al. 2010) . Dissolved oxygen concentrations were calibrated using Winkler titrations.
b. Hydrographic observations
Three water masses on the continental shelf (mCDW, WW, and AASW) can be easily identified by their temperature, salinity, and dissolved oxygen concentrations (Figs. 2a, 3a) . AASW occupies the top 50-100 m of the water column. The two components of CDW off shelf can be seen at the continental shelf edge . UCDW is the warmest portion of CDW (.1.58C) and LCDW is a cooler, saltier, more oxygenated water mass below UCDW. These components are modified slightly from the Orsi et al. (1995) definitions of LCDW and UCDW, in part due to the distance from the southern boundary of the Antarctic Circumpolar Current (Orsi et al. 1995; Walker et al. 2013) . Once on the continental shelf, the properties of the main three water masses vary spatially because of modification through mixing and atmospheric interaction (Nakayama et al. 2013) .
By defining the mCDW endpoint as the warmest (and most saline) and the WW endpoint as the coolest below the surface layer in each CTD profile, variations in the characteristics of these water masses are seen across the continental shelf of the Amundsen Sea, similar to methods used by Nakayama et al. (2013) . Using this endpoint identification, CTD stations were grouped into regions with similar properties (Table 1, Figs. 2, 3) . These groupings will be used throughout this study and are shown by location in Fig. 1 .
The warmest mCDW (1.38-1.58C) is found at the eastern shelf edge and along the channel to the east of Burke Island (Figs. 2d,f) , with a cooler mCDW (1.218C) in the central channel (Fig. 2e) . The mCDW flows onto the continental shelf on the eastern side of the channels because of geostrophic steering (Schodlok et al. 2012; Nakayama et al. 2013) . Further south, the densest mCDW (s u 5 27.81 kg m 23 ), which was seen at the shelf edge, does not reach PIIS (black contour, Fig. 5 ). This means that the mCDW signature in front of PIIS originates from the slightly shallower waters that are cooler (1.138C) and less saline (34.86 g kg 21 ; Fig. 2h ). Dissolved oxygen concentrations [c(O 2 )] at depth remain relatively constant (187 mmol kg 21 ; Fig. 6 ). The mCDW directly in front of PIIS is cooler than has been observed in other years (Nakayama et al. 2013) . This is likely due to a thinner mCDW layer than in the ''warmer'' years rather than actual temperature changes in the source CDW water off shelf (Nakayama et al. 2013 ). The WW layer lies above the mCDW as a cooler, fresher, and more oxygenated water mass (Figs. 4-6 ). In the outer Pine Island Bay (PIB; as defined by Fig. 1 ) and closer to PIIS, the WW layer is warmer than elsewhere (21.148C), with higher salinity and lower oxygen concentration (as low as 256 mmol kg
21
; Figs. 2g, h and Figs. 3g, h) .
FIG. 2. Conservative temperature-absolute salinity (Q-S A ) diagrams for the separate regions in the Amundsen Sea, using iSTAR data. On all panels, the density-average profile for all profiles is plotted in black. 
The increase in temperature and salinity and decrease in dissolved oxygen concentration compared with WW elsewhere in this region is likely associated with the MW that will be present in the area close to PIIS. The regions that are close to the coast (e.g., eastern channel and both PIB regions) have more saline and colder WW endpoints than elsewhere in the study area (Figs. 2f-h compared with Figs. 2c-e). This could be due to sea ice distribution: these regions may see more sea ice production than sea ice melt, similar to Stammerjohn et al. (2015) .
Glacial meltwater calculations a. Optimum multiparameter analysis
To identify MW, the characteristic properties (typically temperature, salinity, and dissolved oxygen concentration) of each water mass in the region must be known. Together, these properties are known as the water mass endpoint. Once these characteristics are known, two methods have typically been used around Antarctica to calculate MW concentration: a composite tracer method (Jenkins 1999) and optimum multiparameter analysis (OMPA; Tomczak 1981; Loose and Jenkins 2014) . Both of these calculation methods rely on a set of simultaneous equations to produce the fraction of each water mass. The main difference between the two methods is that while the composite tracer method is an exact system (same number of tracers as unknowns, when mass conservation is included as a tracer), OMPA is an overdetermined system (where there are more tracers than unknowns, when mass conservation is included as a tracer). Where these water mass calculations agree, the results (water mass fractions) will be the same. It is when they disagree that the methods employ different strategies to get to the results.
The overdetermined system used in OMPA results in a larger water mass fractions matrix (A, where A 1,k signifies the value of tracer 1 for water mass k) and observations array (b, where b 1 signifies the observational value of tracer 1) than the water mass fractions array (x, where k, l, and m are the three water masses): 0
For this study, we use OMPA to calculate the glacial meltwater fractions because of the ability to use all available tracers and to weight each tracer depending on uncertainties that may be associated with that tracer. AASW is excluded from this analysis because of the wide range of possible endpoints (in the tracers used here), and so OMPA is only applied below 75 m. OMPA is well described in previous papers (Tomczak and Large 1989; Beaird et al. 2015; Loose and Jenkins 2014) . In OMPA, the water mass fractions are calculated by minimizing the weighted sum of the squares of the residuals (D 2 ) between the real ocean observations of the tracers and simulated tracer values calculated using the ''best estimate'' of the water mass fractions:
where W is the weighting matrix and W T signifies the transpose of the matrix W.
A nonnegativity constraint is also applied, as the water mass fractions must be positive. To balance the various tracers used, the tracers are normalized, using the standard deviation and mean values of each tracer (matrix A becomes G, and b becomes d). The tracers are also weighted to account for differing reliabilities. The weighting of the tracers (W ii ) is described as
where s 2 i is the variance associated with the endpoint i, y i is the uncertainty associated with the tracer i (where the uncertainty consists of both analytical and environmental uncertainties), e G ij is the weighted (and normalized) water mass characteristics matrix, and e d i is the weighted (and normalized) observational data array. The composite tracer method as described by Jenkins (1999) is useful for the obvious graphical interpretation of what the calculation is doing: the appearance of MW can be identified on a property-property diagram of two of the tracers as an excursion from the ambient mixing line between mCDW and WW (Fig. 2h) . The ambient mixing lines for mCDW-WW and mCDW-MW can be plotted onto any property-property diagram (black dashed lines in Fig. 2h ), allowing visual identification of the presence of meltwater. Appropriate water mass endpoints must be selected for the dataset under consideration.
b. Water mass endpoints
A vital component of water mass identification is the water mass endpoint matrix A. To construct this matrix, the characteristic tracer properties (or endpoints) for each water mass must be known. This study chooses the mCDW endpoint from values in PIB ( Fig. 1 ) and the WW endpoint from the eastern channel (Table 2) , a similar methodology to Nakayama et al. (2013) . The mCDW in PIB is representative of the water that will be traveling underneath the ice shelf and has values of Q 5 1.158C, S A 5 34.87 g kg 21 , c(O 2 ) 5 187 mmol kg 21 (Table 2) . However, the WW in this region is modified by MW addition, and so WW values from the eastern channel of Q 5 21.768C, S A 5 34.27 g kg 21 , c(O 2 ) 5 291 mmol kg 21 are used instead ( Table 2 ). The MW endpoint is assumed to be unchanging, but with a large uncertainty. The uncertainty is due to the fact that pure MW cannot be directly analyzed and so must be derived from far-field observations, theoretical calculations, or the gradient of the mCDW-MW mixing line observed in the strongest outflow of the glacier ( . The Q value for MW is a purely theoretical value that accounts for the freezing enthalpy. This study uses the same value as Nakayama et al. (2013) .
The uncertainties associated with these endpoints are used in OMPA in order to weight the tracers. The uncertainty (and consequential weighting) for each tracer is shown in Table 2 . As the MW is not directly analyzed it carries the largest uncertainties, so these uncertainties are used for the weighting of the tracers in OMPA.
c. Glacial meltwater fractions in 2014
The MW fractions calculated using endpoints defined in section 2b are reported as g kg 21 and are shown in sections across the front of PIIS, perpendicular to PIIS, and across the central trough (sections highlighted in Fig. 1 , MW content shown in Fig. 7 ). As distance from the front of the ice shelf increases, the MW fraction generally decreases. The distribution of MW in front of PIIS (Fig. 7a ) is similar to previous years (Jacobs et al. 2011; Nakayama et al. 2013) , with the highest concentrations on the southern edge of PIIS (where the outflow is observed) and the lowest concentrations on the northern edge. It occurs at depths of 500 m or shallower, which is due to the depth of PIIS (Jenkins et al. 2010) . Further from PIIS along the meridional section (Fig. 7b) , the meltwater appears in patches along the 27.5-27.7 kg m 23 isopycnals.
To identify meltwater pathways, the meltwater calculation needs to be reliable at the continental shelf edge of the Amundsen Sea. Across all of the sections (Fig. 7) , there is an apparent meltwater intrusion between the 27.5 and 27.7 kg m 23 isopycnals, which occurs at approximately 400 m depth. This intrusion can be identified all the way out to the shelf edge and, if FIG. 5 . As in Fig. 4 , but for absolute salinity. The black line in (c) shows s u 5 27.89, the limit for the warmer mCDW.
reliable, could signify a clear route that the meltwater takes after it leaves the ice shelf. In both the Q-S A and c(O 2 )-S A diagrams (Figs. 2, 3 ), a curvature in the mCDW-WW mixing line can be seen, especially in the c(O 2 )-S A diagram. This indicates a position of the water properties off the ambient mixing line in the mCDW-MW-WW mixing space, which will result in the meltwater signature observed. At the isopycnals where the meltwater intrusion is located, the profile curves away from the ambient mixing linesignificantly so in c(O 2 )-S A space. Yet what is notable about this curvature is that it occurs in all of the profiles in c(O 2 )-S A space (Fig. 3) and a large number of the profiles in Q-S A space (Fig. 2) . This homogeneity of curvature across all CTD stations suggests that whatever causes this curvature is widespread across the Amundsen Sea. Modeling of the ocean circulation on the shelf indicates that the MW outflow is expected to flow westward and along the coast after leaving PIIS, so this curvature may not be entirely caused by meltwater (Nakayama et al. 2014) . To determine whether this is reliably meltwater or not, we must consider alternative processes that may result in a false meltwater signature.
Curvature in property-property profiles
To say whether the curvature that is observed in the property-property diagrams is reliably meltwater or not, we must consider alternative processes that may result in a false meltwater signature. If the entire curvature is not due to meltwater, then it can be assumed that this other process contributes up to 4 g kg 21 uncertainty into the meltwater fraction calculations, as this is the maximum MW fraction observed in the shelf edge section at approximately 400 m depth (Fig. 7) . To understand what process could be providing an excess of heat for a given salinity (and loss of dissolved oxygen concentrations) to cause this curvature, the curvature must be quantified. Fig. 4 , but for dissolved oxygen concentrations.
FIG. 6. As in
APRIL 2017 B I D D L E E T A L .
a. Quantifying the curvature
To quantify the curvature, it is important to first normalize the different tracers, as each tracer has different ranges in possible values. This range in values for the tracers could cause the curvature to appear greater in c(O 2 )-S A space than Q-S A space, as c(O 2 ) has a larger range than Q. Therefore, the properties are normalized to a range between 0 and 1. The area between the linear mixing line (mCDW-WW) for each region and the curve formed by the data is used as a parameter to assess the curvature (Fig. 8e) . The magnitude of this area changes between the different regions and different properties (values are annotated on Fig. 1) .
The curvature in Q-S A space is negligible at the eastern continental shelf edge and directly in front of PIIS and is relatively small in the eastern channel and in PIB (,1.8 3 10
23
; Fig. 1 ). However, at the central shelf edge, this curvature becomes more noticeable, and the area under the curve here reaches 2.7 3 10 23 . In comparison, the curvature in c(O 2 )-S A space is apparent in all regions of the Amundsen Sea and is relatively homogeneous (approximately 3.5 3 10
; Fig. 1 ). It is greatest in the eastern channel (4.53 3 10 23 ).
Even if some of the curvature is caused by meltwater, the spatial variability suggests that there is at least one, possibly two, additional processes affecting the curvature. The first process affects all three properties and is greatest at the central shelf edge, with minimal effect in front of the ice shelf. The second process only appears to affect c(O 2 ) and is relatively homogeneous across the continental shelf. These two processes could also produce the curvature without any input from meltwater, so alternative hypotheses are important to consider in order to understand what causes this curvature and its effect on the meltwater calculation.
The curvature tends toward lower c(O 2 ), lower S A , and higher Q, so any processes to be considered must in some way simulate these changes. All subsurface water mass transformations must be linked to physical or biological processes. Working from this foundation, two general processes can be identified that could affect water mass properties: water mass addition and biological respiration.
b. Water mass addition
In the Amundsen Sea region there is no deep water formation, limiting the water masses on shelf to the four previously discussed: AASW, WW, mCDW, and MW. The MW addition has already been considered as a subsurface process in the Amundsen Sea, but it may not account for the curvature observed in the data between mCDW and WW endpoints because of the spatial variability seen between the curvature in Q-S A and c(O 2 )-S A space. So if another water mass has been added to the subsurface water column, what are its possible sources?
The WW forms annually through heat loss to the atmosphere and so is affected by the meteorological conditions each year: this interannual variability could cause variability in the endpoint. In colder winters, more sea ice will be produced, resulting in a more saline, slightly colder (due to the lowering of the freezing temperature) and less oxygenated (due to sea ice cover) WW being formed. This colder WW endpoint will create a new mixing line, connecting with the previous ambient mCDW-WW mixing line at some depth (Figs. 8a,b) , resulting in a curvature of the apparent mixing line.
MCDW derives from off-shelf CDW, which consists of UCDW and LCDW. There is no observational evidence for the presence of warm UCDW on the continental shelf, and the warmest waters on shelf likely reflect an LCDW endpoint instead (Fig. 2) . The switch between UCDW and LCDW off shelf to just an LCDW component on shelf could result in the upper water column retaining a mixing line between WW and UCDW (from off-shelf properties), but the lower water column would mix between some point along the WW-UCDW mixing line and the LCDW component that moves on shelf. This produces a curvature of the apparent mCDW-WW mixing line, in the direction that is observed in the CTD data (Figs. 8c,d ).
c. Biological productivity and respiration
Biological activity can affect dissolved oxygen concentrations through photosynthesis [increasing c(O 2 )] and respiration [decreasing c(O 2 )]. The curvature tends toward lower dissolved oxygen concentrations (Fig. 8f) and shows the greatest deviation at approximately 400 m depth (Fig. 7c) , and so biological respiration is the most likely cause of depleted oxygen levels. The effect of respiration must be greatest at the depth of the greatest deviation from the mixing line (Fig. 8f) . The deviation from the linear mixing line would therefore be greatest in regions of high respiration rates: this may explain why the curvature in c(O 2 )-S A space is greatest in the eastern channel. This region showed visibly higher concentrations of chlorophyll a coloring the surface water green, indicating the availability of organic matter, whose export would result in higher respiration at depth and potentially the curvature observed. Respiration rates were not measured during the cruise, and therefore a conceptual model was used to see how these processes may affect the water column.
One-dimensional ocean model in the Amundsen Sea
a. Description of the model
The model used in this study is the Price-WellerPinkel model (PWP; Price et al. 1986 ). PWP is a bulk mixed layer model, so it applies forcing over the entire mixed layer and averages the ocean properties over the mixed layer depth. For this study, the code from Lazarevich and Stoermer (2001) was used, which includes vertical diffusion (Lazarevich et al. 2004) . The basic code is well described in that paper, but for this study modifications were made to it (fully described in the appendix). These changes included the addition of a sea ice model, additional turbulent kinetic energy (TKE) parameterizations, and the inclusion of dissolved oxygen as a tracer. Both physical and biological processes were parameterized for the addition of dissolved oxygen into the model. The new model is referred to as the modified PWP (mPWP).
These additions allowed the model to simulate ocean processes in the Amundsen Sea, using ocean values (temperature, salinity, and dissolved oxygen concentrations) from CTD measurements to initiate the model and NCEP CFS climatology for air-sea fluxes to force the model (Saha et al. 2006 ).
b. Variations in the WW endpoint
Our hypothesis is that a year with lower air temperatures or stronger winds (resulting in greater latent heat flux to the atmosphere) than average will result in more sea ice production and so a more saline (and fractionally FIG. 7 . As in Fig. 4 , but for initial glacial meltwater content (MW MCDW ).
colder) WW endpoint. This shift in WW could result in curvature in the mixing line between mCDW and WW, causing an apparent increase in MW fraction in the OMPA calculations. The model was run for 10 years, with the NCEP CFS climatology repeated each year. No biological processes were included in order to separate the effects of the variation in WW and biological activity on the dissolved oxygen. As the one-dimensional model is unable to realistically advect sea ice out of the domain, the model grows more sea ice throughout the 10-yr run, resulting in a more saline and slightly colder WW endpoint FIG. 8 . Schematic diagrams showing how the curvature is quantified and the processes that might cause it. (a),(b) The curvature caused by a shift in the WW endpoint to more saline properties; (c),(d) the curvature caused by a switch between UCDW and LCDW endpoints for the source of the mCDW on shelf; (e) the curvature is calculated for each CTD grouping, where the curve is formed by the average CTD profile, and the linear line is formed using the localized CDW and WW endpoints; and (f) the curvature caused by biological respiration at depth, decreasing dissolved oxygen concentrations.
(WW 0 ). This is the change in WW that we want to model, and so it is left in the model.
Over the 10-yr model run, in Q-S A space, the WW endpoint gradually shifts along the seawater freezing temperature line (gray lines; Fig. 9a ) toward the colder and more saline values (final profile, red line; Fig. 9a ). The final profile, after 10 years, shows clear curvature in the upper water column section of the mCDW-WW 0 mixing line, with the base of the water column still displaying the linear mCDW-WW mixing line. In c(O 2 )-S A space, a curvature also forms over the 10-yr model run, with the WW 0 endpoint being more saline and more concentrated in dissolved oxygen (Fig. 9b) . The dissolved oxygen concentration shifts to these much higher values because of the addition of oxygen through air-sea interaction. These dissolved oxygen concentrations would likely be reduced through biological respiration, which is not included at this stage of the model.
Overall, while this simulation of the production of the WW 0 endpoint shows curvature in the mixing line, the shape of curvature does not reflect what is observed in Q-S A or c(O 2 )-S A profiles from the iSTAR data. The hydrographic observations show curvature at both ends of the mCDW-WW mixing line (Figs. 2e, 3e ). In contrast, the profile produced by this simulation retains a linear mixing line at the base of the water column. This suggests that while variation in the WW endpoint can produce some curvature, it is unlikely to be the only process occurring at the central shelf edge.
c. Variations in the mCDW endpoint
The second hypothesis for what could be causing the curvature is variation in the mCDW endpoint. A switch from UCDW to LCDW at the shelf edge would result in a cooler, slightly more saline and more oxygenated endpoint. This is modeled in mPWP by running the model for 5 years with the UCDW endpoint, before switching the ocean column endpoint to the LCDW characteristics.
The switch between the endpoints can be seen clearly in the water mass characteristics (Figs. 9c,d ). The curvature caused by the variation in the WW endpoint can still be seen at the WW end of the mixing line, but a midpoint from which both ends of the profile curve away is now visible (at a salinity of approximately 34.6 g kg
21
). This curvature replicates the shape seen in the hydrographic observations (Figs. 2e, 3e ) much better, suggesting that both mCDW and WW variations modify Q, S A , and c(O 2 ) at the central shelf edge.
d. Effects of biological activity
In addition to the curvature observed in Q-S A and c(O 2 )-S A space at the central shelf edge, a more spatially homogeneous curvature was seen in c(O 2 )-S A (second values shown in Fig. 1 ). This was hypothesized (section 4c) to be due to a more regional process, such as biological respiration at depth. To test this, biological processes affecting the dissolved oxygen concentrations were introduced to the mPWP model, using a ''varying WW'' run with the UCDW endpoint fixed.
The profile produced (Fig. 9e) can be compared with the c(O 2 )-S A diagram from the varying WW run (Fig. 9b) . The most noticeable difference is that the mixing line now has lower dissolved oxygen concentrations than the initial mCDW-WW mixing line, and despite no change in the mCDW endpoint, there is a clear curvature throughout the entire profile. If the surface increase due to air-sea interaction is ignored, the portion of the profile with S A . 34.4 g kg 21 replicates the shapes of the profiles seen in Fig. 3 , indicating that biological respiration likely plays a role in causing the observed curvature in c(O 2 )-S A space.
6. An alternative approach to MW calculations
a. Accounting for endpoint variation
To account for the possible variation in water mass endpoints, we reappraise the endpoint values used in the MW calculation (Table 2 and black lines in Fig. 2h ). The mixing line between MW and the water mass that is melting the ice shelf (typically mCDW) can be identified from the CTD data collected in front of PIIS (CTD stations 37 and 49, blue profile; Fig. 2h ). This location (at the southwestern end) is chosen as it is where the glacial meltwater has just emerged from under the ice shelf and so the meltwater signature is likely to be larger than the signature of any other processes (such as biological respiration) that could affect it . However, this profile shows a different gradient to the previous mCDW-MW mixing line (black line; Fig. 2h ), set by defining the mCDW, WW, and MW endpoints, and has a different intercept with the mCDW-WW mixing line (blue line; Fig. 2h ). As this CTD profile is located in the strongest outflow from PIIS, the gradient of the line represents the true gradient of the mixing line between MW and the water mass melting the ice shelf (Jenkins 1999; . This new intercept is referred to as a pseudo-CDW endpoint (or pCDW). The pCDW endpoint will be specific to the observations collected each season: there is temporal variability in the properties of CDW that are transported onto the continental shelf, which is reflected in the characteristics of this pCDW endpoint.
The pCDW endpoint has values of Q 5 0.768C, S A 5 34.75 g kg which these properties are found is shown by the contours [of Q, S A and c(O 2 )] plotted onto the section of Q across the front of PIIS (Fig. 4a) . This shows that these pCDW properties occur at 600-700 m depth, consistent with the depth of the peak of the ridge beneath the ice shelf (Jenkins et al. 2010) . This is significant, as the deepest point of the water column that can theoretically reach the grounding line corresponds to the depth at which the water properties attributed to the pCDW endpoint can be found. Using this pCDW endpoint in water mass calculations that involve the identification of PIIS MW is appropriate; however, the S A , Q, and c(O 2 ) values will be specific to The model runs also show how increases in sea ice formation can cause changes in the WW endpoint and, consequently, curvature in the mCDW-WW mixing line. As the possible WW endpoints will range between less saline and more saline flavors, the best way to account for this in OMPA is to use the less saline WW endpoint, as this will provide the most conservative calculation. The use of this less saline WW endpoint is appropriate in the 2014 data from the Amundsen Sea, where the more saline WW endpoint is only observed at the central shelf edge.
b. Accounting for biological respiration
If the entire apparent increase in glacial meltwater fraction is assumed to be due to biological respiration, respiration has decreased the c(O 2 ) values by approximately 15 mmol kg
21
. However, the uncertainty in dissolved oxygen concentrations in the current OMPA is derived from the MW endpoint uncertainty (200 mmol kg 21 , section 2b). The 200 mmol kg 21 uncertainty from the MW endpoint is far larger than the uncertainty introduced by biological respiration (15 mmol kg 21 ). This means that the glacial meltwater fractions are already heavily weighted toward Q and S A , and so no changes are made to the weightings in OMPA.
c. New glacial meltwater fractions in 2014
Using the new pCDW endpoint, glacial meltwater content was recalculated across the Amundsen Sea for PIIS MW from the 2014 iSTAR observations (MW PCDW ; Fig. 10 ). Of particular interest are the changes in front of PIIS and at the central shelf edge. The original glacial meltwater (MW MCDW ) sections, the MW PCDW sections, and the difference between the two calculation methods for these locations are shown for comparison (Figs. 7, 10, 11) . At depths where s u , 27.42 kg m 23 and s u . 27.73 kg m 23 , the MW PCDW fractions are ignored (masked with lines or dots; Fig. 10 ), because these values are either associated with AASW or outside the mixing triangle (pCDW-WW-MW) when the new pCDW endpoint is used. This can be seen in the sections showing the difference between the calculation techniques: for depths where s u . 27.73 kg m 23 there is a negative residual, indicating higher values when the new pCDW endpoint is used (Fig. 11) . The apparent MW intrusion at the central shelf edge is now reduced to below 0.5 g kg
21
, which is within the noise signal (Fig. 10c) , but there is still a coherent MW signature of approximately 4 g kg 21 between 200 and 400 m depth approximately 140 km from PIIS (Fig. 10b) .
This supports the findings of Naveira Garabato et al. (2017) , showing the MW settling along certain isopycnals found at these depths. The effect of using the pCDW endpoint can be seen clearly at the central shelf edge in Fig. 11c : the majority of the water column is unaffected, except for the specific layer that has been targeted with the changes to the OMPA calculation. While the model simulations showed that all three processes could cause the curvature that resulted in the apparent MW intrusion at the central shelf edge, the removal of this signature is most likely attributed to the change in the CDW endpoint from mCDW to pCDW. Since the use of the pCDW endpoint is specific to the characteristic endpoints of the iSTAR season, this signifies that if the curvature at the central shelf edge is due to glacial meltwater, it is either meltwater from a different source, or a different season, that is, from a source with different endpoints. By integrating the MW fractions through the water column, we can obtain an estimate of the MW pathway. The apparent MW fractions are affected by solar radiation and sea ice melt at the surface and by the use of pCDW at depth, so the MW content is integrated between s u 5 27.42 and 27.73 kg m 23 (Fig. 12a) . Recent studies of the MW in front of PIIS shows that the MW will settle along isopycnals that are included within these limits, so by integrating over these density levels the main glacial meltwater signature is likely to be captured (Naveira Garabato et al. 2017) . Because of the different mCDW endpoint used for the eastern channel, the CTD stations in this location are ignored because these stations show MW from the local ice shelves (Abbot Ice Shelf and Cosgrove Ice Shelf). The use of the lower bound of s u 5 27.42 kg m 23 to remove the AASW results in the top 75-200 m being excluded. Some of this false surface MW fraction may be mixed down to below these depths, either through wind mixing events or convective mixing associated with sea ice formation. However, the percentage change in MW content from this relatively thin and stratified surface layer is minimal, and so this process is considered negligible. Oxygen isotopes could be used in the future to test this assumption. The use of this bound results in integration values in front of PIIS of as low as 1 m of glacial meltwater in 450 m of the water column, but a full water column integration results in values of 6-7 m of glacial meltwater in 600 m of the water column. This is due to the concentration of MW content at the surface in front of the strongest outflow from PIIS. The water mass that is located between s u 5 27.42 and 27.73 kg m 23 has a much higher MW content in front of PIIS and Thwaites Ice Shelf, and particularly
toward the western side of the outer PIB, with values of up to 2.25 m of glacial meltwater in the water column (Fig. 12) . The values at the central shelf edge are distinctly lower than those in front of PIIS, with a mean of 0.03 m of vertically integrated MW. Some of these stations in front of Thwaites Ice Shelf will include both PIIS and local Thwaites MW: the ratio of these inputs is an additional unknown. However, the combination of the coherent MW signature 140 km from PIIS and the low vertically integrated MW content at the central shelf edge indicate that the majority of the MW that leaves PIIS likely stays close to the coast. The MW observations shown by Nakayama et al. (2013) also suggest a westward flow along bathymetry, which the MW content calculated with the iSTAR data supports. By modifying the MW calculation to use the pCDW endpoint, and a slightly shifted WW endpoint, the MW content is effectively removed at the central shelf edge, with several CTD stations reduced by 100% from their original MW fraction (Fig. 12b) . In comparison, the percentage change in glacial meltwater content in front of PIIS is below 20%. This shows that the modifications to the calculation have a much larger impact at the shelf edge than in front of the ice shelf.
Discussion
The development of a one dimensional model revealed that the combination of varying WW properties and a switch between UCDW and LCDW endpoints for mCDW can replicate the curvature observed in Q-S A space. The most significant finding that emerged from inspecting the mCDW endpoint was that the ''typical'' mCDW endpoint should not necessarily be used. Typically, the mCDW endpoint is the temperature maximum found within PIB (approximately 1.168C), but this does not necessarily equate with the waters that the glacial meltwater mixes with because of the ridge that stretches across the cavity underneath PIIS. Instead, properties from approximately 600-700 m depth should be used, creating a pseudo-mCDW endpoint (pCDW). This result highlights the importance of understanding the bathymetry underneath the ice shelf, as it can have a large impact on the ice-ocean interaction, and ice melt variability in the WW endpoint is likely to also affect the MW calculation, but investigation into these processes requires further work and would benefit from the use of oxygen isotopes to identify the volume of sea ice melt in the water column. The alternative glacial meltwater calculations provide meltwater fractions for the 2014 iSTAR hydrographic dataset, showing glacial meltwater pathways from PIIS (Fig. 12) . Nakayama et al. (2014) modeled the spread of glacial meltwater from the Amundsen Sea, finding vertical integrations of glacial meltwater approximately 50% lower at the central shelf edge than the front of PIIS (2 m at the continental shelf edge and 4 m at PIIS). The vertically integrated glacial meltwater values calculated for the iSTAR data show a much bigger difference of approximately two orders of magnitude between the two locations (0.03 and 2.25 m). Whilst the meltwater values are similar between the model and observations in front of PIIS, the differences at the continental shelf edge could be due to different meteorological conditions (i.e., if we sampled a low meltwater year or the off-shelf transport was different due to variability in the winds), or the contribution of glacial meltwater from other sources or seasons (resulting in higher values in the model). It is encouraging for future development of computer models that the spatial distribution of PIIS meltwater (if not the exact values) is similar between the model and our observations. 
The choice of pCDW endpoint is specific to the season that the observations were collected in, and this temporal variability is important to be considered. Our measurements and analysis have focused on data collected in 2014, but studies have identified the interannual variability that exists in this region (Jacobs et al. 2011; Dutrieux et al. 2014; Webber et al. 2017 ). This variability can affect the thickness of the mCDW layer, and therefore affects what properties exist at 600-700 m depth and can flow above the ridge. In some years with thicker mCDW layers, the values at 600-700 m depth may represent the warmest properties found on shelf, and so the pCDW method to remove curvature at the shelf edge will not be applicable. The use of the pCDW endpoint also restricts glacial meltwater identification to MW from PIIS that was produced in that season and may ignore ''older'' (or cumulative) glacial meltwater content.
This research has focused on the eastern portion of the Amundsen Sea and on glacial meltwater produced by PIIS, a warm-based ice shelf. There are many other glaciers terminating in the Amundsen Sea, including Thwaites Glacier-recently reported to be in irreversible retreat (Joughin et al. 2014 )-and the Getz Ice Shelf, a significant contributor to rates of ice shelf volume loss in West Antarctica (Paolo et al. 2015) . For these glaciers in the western Amundsen Sea, there will be additional glacial meltwater present from the glaciers and ice shelves farther to the east that has been transported in the coastal current. The glacial meltwater calculations in these regions will need to account for this additional background meltwater. In East Antarctica, recent studies have identified warm-based shelves (e.g., Totten Glacier) that show similar processes of ocean basal melting of the ice shelves in that region (Greenbaum et al. 2015) . The ability to extrapolate the methods and findings made in this study to these locations around Antarctica would add significant knowledge of glacial meltwater pathways, which may help with future assessment of the effects of glacial meltwater and potentially improve global ocean models.
Conclusions
This study has identified processes, or features, not discussed previously in the context of glacial meltwater calculations, highlighting the importance of understanding the effects of endpoint variability and biological activity on MW fraction calculations. By using an alternative calculation method, the glacial meltwater was seen to be concentrated to the western end of the ice shelf and close to the coast, similar to findings by Nakayama et al. (2013) . These findings are shown schematically in Fig. 13 .
Further data (such as noble gases and oxygen isotopes) will be beneficial to separate out the individual contributions from each of the processes implicated, which may result in more reliable meltwater pathways.
(T fp ; Fofonoff and Millard 1983) to calculate a melt rate (m) that is scaled by the mixed layer depth [Eq. (A1)]. The melt rate is used to calculate a sea ice thickness [h i ; Eq. (A2)] as the product of melt, mixed layer thickness, and time (Dt). A sea ice fraction (A) is assigned one of two values depending on whether the sea ice is growing or melting [A grow or A melt ; Eq. (A3)]. These values are broadly representative of the values for sea ice concentration described by Stammerjohn et al. (2015) . The assigned sea ice fraction is lower during periods of sea ice melt as a simple parameterization of advection of sea ice out of the model domain:
h i (n 1 1) 5 h i (n) 2 mhDt, and (A2)
where r u is the potential density, r fw is the density of freshwater, c w is the specific heat capacity of water, L f is the latent heat of fusion and n is the time step. When sea ice is present, the mixed layer temperature is set to the freezing point and the mixed layer salinity is affected by the growth of the sea ice [Eqs. (A4), (A5)]. The sea ice salinity is set to zero for simplicity:
T k 5 T fp , and (A4)
for (k 2 1)Dz , h, where k is the mixed layer index.
On the next time step, the atmosphere-ocean heat and freshwater fluxes are reduced by the fraction of sea ice (1 2 A), simulating a cover on the fraction of the ocean surface where sea ice is present [Eqs. (A6), (A7)]:
Dt Dz , and (A6)
b. Buoyancy and wind forced mixing parameterizations
Following Chen et al. (1994) , the Kraus-Turner parameterization of TKE budgets was included in mPWP. These are used to calculate the vertical entrainment velocity at the base of the mixed layer that determines whether it shoals or deepens (Kraus and Turner 1967; Niiler 1975; Niiler and Kraus 1977) . This requires recalculation of the new freshwater fluxes [after sea ice growth or melt is taken into account, F fw ; Eq. (A8)],
as well as calculating the power supplied for mixing by wind stresses [P w ; Eqs. (A9), (A10)]:
FIG. 13. Schematic showing the main conclusions from this study. Horizontal and vertical lengths are not to scale. 1) Influence of LCDW at the continental shelf edge is important to take into account. 2) Sea ice production/melt and WW variations may affect the upper water column.
3) The height of the ridge under the ice shelf blocks the deepest waters from accessing the grounding line (;600-700 m depth). 4) Biological productivity (respiration) increases (decreases) dissolved oxygen concentrations [c(O 2 )], potentially affecting meltwater signatures. 5) Glacial meltwater emerges from under the ice shelf and is transported to the west (bullseye shows flow out of page).
where U * is the friction velocity, U is the windspeed, r a is the density of air, C d is the drag coefficient, m kt is the coefficient for power provided by wind, and z w is the dissipation length scale. Buoyancy fluxes must also be calculated [P b ; Eqs. (A11), (A12)]:
B 5 ga T r w c w (Q o 2 0:45Q i ) 2 gbF fw , and (A11)
where B is the buoyancy term, a T is the thermal expansion coefficient, b is the salinity contraction coefficient, and n kt is the coefficient for power provided by buoyancy. The vertical entrainment w e is then calculated as a balance between the power for mixing provided by the wind and buoyancy forcing, and the gravitational stability of the column [Eq. (A13):
for (k 2 1)Dz 5 h 1 1. If the vertical entrainment is positive, the new mixed layer depth is adjusted by Dh 5 w e Dt ,
and is recalculated until the increase in mixed layer depth is smaller than the grid cell. However, if the vertical entrainment is negative, then the new (shallower) mixed layer depth is calculated by balancing the wind mixing P w with the buoyancy B:
This new mixed layer is then homogenized (as is required in a bulk mixed layer model) by mixing all of the properties within the layer.
c. Relaxation of the ocean column at depth
Without any replenishment of the mCDW at the base of the water column, the warm waters are gradually eroded by the cold WW 0 formed each season. To rectify this, a one-dimensional advection analog is introduced, which relaxes the ocean profile back to its original conditions (x init ) below the depth at which CDW was generally observed during iSTAR (597 m). This follows the equation
The values used for Dx (10 km) and advective current speed (V adv ; 0.01 m s 21 ) in Eq. (A16) are based on approximate orders of magnitude from observations, but are also fitted to the model runs used in this study.
d. Addition of dissolved oxygen to the model
1) PHYSICAL PROCESSES
The exchange of oxygen between the atmosphere and the ocean is strongly influenced by wind speed, as greater wind speeds will result in greater turbulence and shear at the atmosphere-ocean boundary layer (Wanninkhof 2014) . To model this process, the updated gas transfer velocity equation from Wanninkhof (2014) 
where n is the kinematic viscosity of the ocean surface, D is the molecular diffusivity of oxygen, Sc is the nondimensional Schmidt number, and k is measured in meters per second. This velocity is then applied to the dissolved oxygen concentrations [c(O 2 )] as
where c(O 2 ) s is the surface value of dissolved oxygen and c(O 2 ) sat is the saturation value for the surface temperature and salinity. The exchange of dissolved oxygen between the atmosphere and ocean will be affected by the presence of sea ice. Recent laboratory experiments showed that in sea ice cover of 85%, the gas transfer velocity was reduced to just 25% of its original value (Loose et al. 2009 ). This reduction is used in the mPWP model when sea ice is present.
2) BIOLOGICAL PROCESSES
Previous studies using PWP have used biological fluxes estimated from Argo floats to construct a net community production (NCP) profile of the water column (Martz et al. 2008) . A negative NCP rate indicates respiration is higher than productivity, and so the overall dissolved oxygen concentration will decrease. This profile can then be applied at each time step, reducing (or increasing) the dissolved oxygen concentration by the NCP that occurred during that time.
Respiration rates are rarely measured or reported, especially for the subsurface ocean. The model would benefit from further development to improve this, as well as additional measurements of c(O 2 ) and chlorofluorocarbon (CFC) or sulfur hexafluoride (SF 6 ) concentrations from the Amundsen Sea region in order to calculate respiration rates at depth. Instead, the NCP profile for this model is estimated based on the Martz et al. (2008) study in the South Pacific.
The surface values of NCP are approximately 15-20 times smaller than those reported by Ducklow et al. (2015) . Initial runs did use NCP values an order of magnitude greater (increasing both net production at the surface and net respiration at depth), but the effects of the respiration at depth were too great and resulted in a significant depletion of dissolved oxygen. This is likely due to the limitations associated with a onedimensional model, where parameterizations of processes such as eddy diffusivity and advection may be not be sufficient for modeling dissolved oxygen concentrations over a long period of time. To temporarily fix this, the NCP rates discussed above were used, resulting in only slightly depleted dissolved oxygen concentrations at depth after the 10-yr model run.
Biological productivity-and to a lesser extent respiration-will have a distinct seasonal cycle, as the phytoplankton and bacteria will be affected by light levels, availability of nutrients, and water temperature. Ideally, in order to model this, time series data of oxygen and respiration rates (using CFC or SF 6 as tracers) below the mixed layer are required. As this information is currently lacking for the Amundsen Sea, no changes are made to the net respiration portion of the curve throughout the year. Through the austral winter, there is no sunlight and therefore no productivity can occur. The region of the water column where net productivity occurs in the summer is instead set to the maximum respiration rates during periods when shortwave radiation is zero.
